Abstract: Forest soil disturbance intervals are usually too long to measure using plot-based studies, and thus they are poorly understood. The mean soil disturbance interval (MSDI) in an old-growth forest on the west coast of Vancouver Island was estimated from radiocarbon dates of charcoal from organic and mineral soil horizons. Two assumptions are required to estimate the MSDI: (1) charcoal from forest fires is deposited within the organic horizon and eventually mixed into deeper mineral horizons by soil disturbances, and (2) the probability of soil disturbance is spatially homogeneous and affected only by the time since the last fire or the last soil disturbance. The MSDI is then estimated by the rate at which the proportion of undisturbed sample sites (determined by the proportion of sites with charcoal from the most recent fire in the organic horizon) decreases with increasing time since the last fire. Soil charcoal evidence of time since fire was determined at 83 sites using 141 radiocarbon dates. The estimated MSDI was greater on slopes (ca. 2010 years) than on terraces (ca. 920 years). The long periods between soil disturbances, especially on slopes, are consistent with other evidence from the study area that suggests infrequent tree uprooting is the predominant mode of soil disturbance.
Introduction
The mixing of forest soil horizons is an important geomorphological and ecological process, though little is known about the frequency of soil disturbance events. There are many modes of forest soil disturbance, including tree uprooting by windthrow, bioturbation by earthworms or vertebrates, and freeze-thaw processes (Schaetzl at al. 1990; Carcaillet 2001) . Tree uprooting may mix soil horizons and result in a characteristic pit-and-mound microtopography that persists for decades to centuries (Stephens 1956; Beatty and Stone 1986; Bormann et al. 1995) . Likewise, bioturbation by earthworms and burrowing animals, cryoturbation, and landslides may homogenize surface soil horizons, and these modes of disturbance also vary among habitats and landforms (Paton et al. 1995; Jakob 2000) . For all modes of soil disturbance, however, soil disturbance intervals are too long to measure using plot-based studies.
In this study, I estimate the mean soil disturbance interval using a large set of radiocarbon dates of soil charcoal from a coastal temperate rainforest on Vancouver Island, British Columbia, Canada. These radiocarbon dates were previously analyzed for a fire-history study, but not with respect to soil disturbance (Lertzman et al. 2002; Gavin et al. 2003a Gavin et al. , 2003b . Using assumptions about how charcoal is incorpo-rated into mineral horizons of soil and a simple statistical model, the mean soil disturbance interval can be calculated from the distribution of charcoal ages in organic versus mineral horizons over a set of sample sites. I use this method to compare the soil disturbance intervals between terrace and slope landforms.
Materials and methods

Assumptions and model
The method used here requires Podzol soils with a distinct boundary between organic (O) and mineral (E and B) horizons. To estimate the mean soil disturbance interval (MSDI), I used a statistical model that requires two assumptions. First, I assume that the vast majority of charcoal is initially deposited above the mineral horizon, and that soil disturbance is required to mix charcoal into the mineral horizon (Fig. 1) . For example, a field survey has shown that fire may consume organic soils and deposit considerable amounts of charcoal above the mineral horizon (Ohlson and Tryterud 2000) . Experiments have also indicated that charcoal is unlikely to form within a mineral soil horizon with high moisture content (Frandsen 1987) . Thus, charcoal in mineral horizons is likely a result of soil mixing. This assumption agrees with similar models of Podzol disturbance and redevelopment (Armson and Fessenden 1973; Vasenev and Targul'yan 1995) .
Second, I assume that soil disturbance is a spatially and temporally homogeneous process, as proposed by Norton (1989) . Thus, this method is only applicable in topographic settings where uprooting and other modes of soil disturbance occur with a spatially uniform probability (e.g., sheltered valley bottoms; Kramer et al. 2001) . The model does acknowledge that the probability of soil disturbance may be a function of the time since the last soil disturbance or the time since the last fire. For example, following tree uprooting or death by fire, a century or more may be required for regenerating trees to reach a size susceptible to another windthrow. In contrast, the spatial and temporal pattern of fire may be nonrandom with no effect on the model results.
With these assumptions, the age distribution of undisturbed soil (A(t)) can be modeled using the Weibull distribution as applied to fire-history studies (Johnson and van Wagner 1985; Huggard and Arsenault 1999) :
where A(t) is the proportion of sites that have not experienced soil disturbance for t years (i.e., the proportion of sites with a time since fire of t years that have charcoal in the organic horizon), b is the exponential decay parameter, and c controls the shape of the distribution. When c = 1 the model is identical to the negative exponential model, when c > 1 the probability of disturbance increases with time since the last disturbance, and when c < 1 the probability of disturbance decreases with time since the last disturbance. MSDI is calculated as bΓ[(1/c) + 1], where Γ is the gamma distribution. Confidence intervals of A(t) and MSDI may be calculated from bootstrap resampling of the sample sites.
Estimates of A(t) are more robust for recent than for older time-since-fire age-classes because the number of sites used to compute A(t) decreases with increasing time since fire.
Therefore, I fit the Weibull model using a nonlinear regression in which the squared residuals for each 200-year ageclass are weighted by the number of sites contributing to the estimate of A(t) in that age-class.
Study area and sampling
Sampling was conducted in the lower elevations (<200 m) of the Clayoquot River watershed, located 20 km from the Pacific coast of Vancouver Island (49°15′N, 125°25′W). The Clayoquot Valley is a north-south trending valley bordered by high ridges (>1200 m elevation) and sheltered from the direct winds of the storms from the southeast (Pearson 2001) . The terrain is composed of level terraces that abut sharply with steep (40% to >60%) slopes. Forests are dominated by western hemlock (Tsuga heterophylla (Raf.) Sarg.) and western redcedar (Thuja plicata Donn ex D. Don) with Pacific silver fir (Abies amabilis (Dougl. ex Loud.) Dougl. ex J. Forbes) and Sitka spruce (Picea sitchensis (Bong) Carrière) also common. Soils are Ferro-Humic Podzols, with a well-defined organic mor (O) horizon overlying a weathered mineral (Bs and Bhs) horizon (Jungen 1985) . The E horizon was very thin at most sites. Thus, horizons could be diagnosed easily at a coarse level (O vs. B) in the field. Only 8% of the sites appeared to contain a recently mixed or transitional A horizon, which I treated as a mineral horizon in subsequent analyses.
Soil charcoal sampling was conducted as part of a firehistory study and designed to maximize the probability of detecting the most recent fire (Gavin et al. 2003a) . Sample sites were spaced 150-400 m apart and located on locally level terrain that was not affected by down-slope soil movement and where charcoal is most likely to accumulate (Bassini and Becker 1990) . In the field, I searched the organic horizon, where charcoal from the most recent fire is most likely to be located, from at least three 5 cm diameter soil cores at each site. In the laboratory, I carefully sieved an additional three to five soil cores from each site and searched for charcoal in the large fraction (>0.5 mm) under × 10 magnification. The uppermost piece of charcoal at each site was submitted for radiocarbon dating at Lawrence Livermore National Laboratory (Livermore, Calif.). Additional dates were obtained from several sites, especially if (1) there appeared to be a stratigraphy of charcoal in the organic horizon, or (2) if charcoal was found only in the mineral horizons.
A total of 141 accelerator mass spectrometry radiocarbon dates were obtained, of which 73% were based on a single piece of charcoal (usually >5 mm in length); the remaining dates were based on multiple pieces (0.5-2 mm in length) from the same depth in the soil. It is not likely that the dates based on multiple pieces are the average of multiple fires, because dates of single pieces of charcoal from the same site yielded a similar age (<300-year difference) in 17 of 35 comparisons, and dates from the same depth were the same in 7 of 9 comparisons (Gavin et al. 2003a) . Also, because charcoal in the organic horizon was always younger than that in the mineral horizon, it was possible to estimate that the most recent fire was dated at more than 90% of the sites (Gavin et al. 2003a ).
All radiocarbon dates were converted to calibrated years before present (years BP) (Stuiver et al. 1998 ). Tree-ring evidence of fire was used as a more accurate method of dating surficial soil charcoal at the 18 sites where there was standstructural evidence of fire (Gavin 2001; Gavin et al. 2003a ). The youngest radiocarbon date or tree-ring date at each site was used to determine the time since fire. The proportion of sites with charcoal in the organic horizon for each 200-year time-since-fire class was determined separately for sites on slopes and sites on terraces. Complete lists of radiocarbon dates are available in Gavin (2001) (26 dates), Gavin et al. (2003a) (120 dates, 5 dates are reported in both studies 1 ), and Gavin et al. (2003b) (47 dates, all also in Gavin et al. 2003a) . These dates are also summarized in Lertzman et al. (2002) ; that study included seven additional dates from two subalpine forest sites unrepresentative of the remainder of sites in the study area.
Results and discussion
Charcoal ages in the organic horizon are usually less than 3000 years, but charcoal ages in the mineral horizons span the last 12 000 years (Fig. 2) . The observed difference in the maximum age of charcoal in the organic horizon and mineral horizon is consistent with the assumption that charcoal is mixed into mineral horizons at some time after being deposited in the organic horizon. The maximum age of charcoal in the mineral horizon (12 200 years, shortly postdating deglaciation) indicates that charcoal is well preserved in these soils. Another study with these dates showed that charcoal abundance is only very weakly related with the time since fire (Gavin et al. 2003a) , suggesting that charcoal is lost at a slow rate from fragmentation.
A weak relationship between charcoal age and depth occurred in the organic horizon on slopes (r = 0.638, P = 0.001) and terraces (r = 0.739, P < 0.0001) though no agedepth relationship occurred in the mineral horizon (r = 0.106, P = 0.490 for slopes; r = 0.194, P = 0.192 for terraces; Fig. 2 ). Organic horizons are likely accumulating with time, as would be expected for Cumulic mor humus horizons (Cruikshank and Cruikshank 1981) , but have a maximum age of ca. 6000 years on slopes and only ca. 1000 years on terraces. In contrast, mineral horizons appear to be mixed, resulting in no age-depth relationships within or among sites (Lertzman et al. 2002) .
The Weibull curve fit to the age distribution of the proportion of undisturbed soil was better on terraces than on slopes (weighted r 2 = 0.87 and 0.72, respectively; Fig. 3 ). On terraces, A(t) declined rapidly and was best fit with a platykurtic Weibull curve (c = 3.65), indicating the probability of disturbance increases with time since the last disturbance. On slopes, A(t) declined gradually and was best fit with a Weibull curve that was indistinguishable from a negative exponential curve (c = 0.97), indicating the probability of disturbance is independent of the time since the last disturbance. The mean soil disturbance interval (MSDI) computed from each Weibull curve was greater on slopes (2010 years) than on terraces (920 years), though each MSDI estimate had large confidence intervals (Fig. 3) .
Estimates of MSDI on both terraces and slopes are longer than previously estimated rates of soil disturbance in conifer forests (Jonsson and Dynesius 1993; Vasenev and Targul'yan 1995; Kramer et al. 2001) . One cause of the long MSDI may be that tree uprooting is rare in the study area. Other studies from this area support this observation. Historical aerial photographs (1939 to 1988) showed no evidence of windthrow at low elevations in this watershed, likely because the Clayoquot Valley is not directly exposed to onshore winds (Pearson 2001) . In addition, a canopy gap survey in an adjacent watershed found that only 20% of tree deaths involved uprooting (Lertzman et al. 1996) . Combined with an estimated mean canopy tree turnover rate of 350-950 years (Lertzman et al. 1996) , the tree-uprooting interval is likely to be on the scale of millennia.
A second cause of the long MSDI may be that modes of soil disturbance other than tree uprooting, including landslides, cryoturbation, and bioturbation, are extremely rare in the study area. First, landslides are restricted to steeper slopes than those sampled and are very infrequent in watersheds such as the Clayoquot Valley that are >15 km from the coast (Jakob 2000) . Second, in subalpine meadow soils, freeze-thaw processes and animal burrowing are important mechanisms to fragment charcoal and move it into the mineral horizon (Carcaillet 2001) . However, in the Clayoquot Valley study area soils do not freeze owing to mild winters (January mean temperature = 4°C). It is also likely that bioturbation is rare because these soils are wet and very acidic, creating poor conditions for earthworms (Curry 1998 ) and other invertebrates (Paton et al. 1995) . During four summers of field sampling, soils never displayed evidence of bioturbation by burrowing animals, and earthworms were encountered very rarely.
The difference in MSDI between terraces and slopes is consistent with tree uprooting as the dominant form of soil disturbance in the Clayoquot Valley. On terraces, trees are rooted in deep colluvium, reach greater heights than on slopes (>45 m), and may create large tip-up root plates when windthrown, thus disturbing large areas of soil. Terraces also have more evidence of pit-and-mound features than slopes, consistent with their shorter MSDI. On slopes, the very long MSDI may be partly due to smaller root plates and less frequent windthrow overall. For example, western redcedar, a species that does not create large root plates when uprooted (Pearson 2001) , is more common on slopes than terraces. The difference in MSDI is also consistent with lower productivity on slopes (mainly cedar and hemlock forests) than terraces (mainly hemlock and fir forest) that in similar forests, has been attributed to the long-term beneficial effects of tree uprooting on soil properties (Keenan et al. 1994; Bormann et al. 1995; Kramer et al. 2001) .
Conclusions
An extensive set of soil charcoal radiocarbon dates from Podzols in old-growth forest support the assumption that periodic soil disturbances are required to move charcoal from organic into mineral horizons. With an additional assumption that such severe soil disturbances occur as a spatially and temporally homogeneous process, it is possible to fit a simple model to charcoal radiocarbon dates to compute the mean soil disturbance interval. This model had a strong fit with a set of 141 radiocarbon dates (r 2 > 0.7) and estimated mean soil disturbances intervals to be 920 years on terraces and 2010 years on slopes. Other evidence from the study site suggests that infrequent tree uprooting is responsible for these long soil disturbance intervals.
